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Introduction

Summary

The interaction between neutrophils and activation of alternative
complement pathway plays a pivotal role in the pathogenesis of anti-
neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV).
ANCA s activate primed neutrophils to release neutrophil extracellular traps
(NETs), which have recently gathered increasing attention in the
development of AAV. The relationship between NETs and alternative
complement pathway has not been elucidated. The current study aimed to
investigate the relationship between NETs and alternative complement
pathway. Detection of components of alternative complement pathway on
NETs in vitro was assessed by immunostain and confocal microscopy.
Complement deposition on NETs were detected after incubation with
magnesium salt ethyleneglycol tetraacetic acid (Mg-EGTA)-treated human
serum. After incubation of serum with supernatants enriched in ANCA-
induced NETs, levels of complement components in supernatants were
measured by enzyme-linked immunosorbent assay (ELISA). Complement
factor B (Bb) and properdin deposited on NETs in vitro. The deposition of
C3b and C5b-9 on NETs incubated with heat-inactivated normal human
serum (Hi-NHS) or EGTA-treated Hi-NHS (Mg-EGTA-Hi-NHS) were
significantly less than that on NETSs incubated with NHS or EGTA-treated
NHS (Mg-EGTA-NHS). NETs induced by ANCA could activate the
alternative complement cascade in the serum. In the presence of EGTA,
C3a, C5a and SC5b-9 concentration decreased from 800-42 = 244-81 ng/ml,
7-68 = 1-50 ng/ml, 382-15 = 159-75 ng/ml in the supernatants enriched in
ANCA induced NETs to 479-07 =156-2 ng/ml, 4-86*1-26 ng/ml,
212:65 = 44-40 ng/ml in the supernatants of DNase I-degraded NETs
(P<0-001, P = 0-008, P<0-001, respectively). NETs could activate the
alternative complement pathway, and might thus participate in the
pathogenesis of AAV.

Keywords: alternative complement pathway, ANCA, complement, neutro-
phil extracellular traps, vasculitis

IgG autoantibodies directed against neutrophil cytoplasmic
constituents, in particular proteinase 3 (PR3) and myelo-

Anti-neutrophil cytoplasmic antibody (ANCA)-associated
vasculitis (AAV) comprises granulomatosis with polyangii-
tis (GPA), microscopic polyangiitis (MPA) and eosino-
philic granulomatosis with polyangiitis (EGPA) [1]. AAV is
a group of potentially life-threatening systemic autoim-
mune diseases characterized by necrotizing small-vessel
vasculitis and frequently affects the kidneys [2]. As the
serological hallmarks for AAV, ANCAs are predominantly

peroxidase (MPO) [1].

Neutrophils and their interaction with ANCAs play a
critical role in the pathogenesis of AAV. In vitro, ANCAs
activate primed neutrophils to undergo a respiratory burst
and degranulation [3]. Recently, neutrophil extracellular
traps (NETs) have gathered increasing attention in
the pathogenesis of AAV. Kessenbrock et al. found that
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ANCA-stimulated neutrophils can induce the formation of
NETs, which contain the ANCA target antigens, including
MPO and PR3 [4]. In the renal tissue of AAV patients,
NETs are located in close proximity to neutrophil infiltrates
in affected glomeruli and interstitium [4]. It has also been
reported that NETs can enhance the uptake of PR3 and
MPO molecules by myeloid dendritic cells (mDCs) [5] and
activate autoreactive B cells, leading to a significant induc-
tion of ANCAs [6]. Moreover, treatment with DNase I,
which can selectively digest DNA threads of NETs, could
prevent vessel inflammation, confirming the involvement
of NETs in the development of AAV [6].

Conversely, increasing evidence from both animal mod-
els and human studies has demonstrated that activation of
the complement system via the alternative pathway (AP) is
another crucial component in the pathogenesis of AAV
[7-11]. However, the interaction between NETs and com-
plement has not yet been well elucidated. Leffler et al. dis-
covered that NETs could activate the classical complement
pathway due to the interaction with Clq [12]. It is well
known that neutrophils contain various components of the
alternative pathway but not the classical pathway [13]. In
AAV, upon neutrophil activation mediated by ANCAs, acti-
vation of the alternative pathway dominates over the classi-
cal pathway [14]. However, the link between NETs and
alternative complement pathway in the pathogenesis of
AAV is far from clear. We hypothesized that ANCA-
induced NETs can activate the alternative complement
pathway, thereby initiating an inflammatory amplification
cascade.

Materials and methods

Preparation of IgG

ANCA-positive immunoglobulin (Ig)G was prepared from
plasma of patients with active MPO-ANCA- or PR3-
ANCA-positive primary small vessel vasculitis. Plasma was
filtered through a 0-22-mm syringe filter (Gelman Sciences,
Ann Arbor, MI, USA) and applied to a High-Trap-protein
G column on an AKTA-FPLC system (GE Biosciences,
South San Francisco, CA, USA). Preparation of IgG was
performed according to the methods described previously
[15,16]. We obtained written informed consent from all
participants. The research was in compliance with the Dec-
laration of Helsinki and approved by the clinical research
ethics committee of the Peking University First Hospital.

Neutrophil isolation

Peripheral blood polymorphonuclear cells (PMNs) were
isolated from freshly drawn blood of healthy donors as
described previously [17]. Briefly, whole blood was sepa-
rated by spinning on a Histopaque 1119 cushion. The
resulting neutrophil-rich fraction was washed and layered
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on a discontinuous Percoll gradient [85-65% in
phosphate-buffered saline (PBS)] for centrifugation. Bands
on the 80, 75 and 70% layers were collected, pooled and
washed with PBS. The cells were counted and kept in
RPMI-1640 medium with 0-5% heat-inactivated fetal
bovine serum (FBS) for the induction experiment. Neutro-
phil purity was greater than 96% (Wright—Giemsa staining)
with 98% cell viability (trypan blue).

NETs induction

PMNs were seeded on 13-mm glass cover slips in 24-well
plates in 500 pl of RPMI supplemented with 0-5% heat-
inactivated FBS at a density of 10° cells per well. The plates
were incubated for 30 min at 37°C to allow adhesion of the
cells. Neutrophils were primed with 5 ng/ml tumour necrosis
factor (TNF)-a (Sigma-Aldrich, Poole, UK), seeded on lysi-
nated glass slides for 15 min and then treated with 250 pg/ml
purified ANCA-positive IgG from AAV patients. Purified IgG
from healthy subjects served as the negative control, and
phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) at a
concentration of 50 nM and lipopolysaccharide (LPS; Sigma-
Aldrich) at a concentration of 100 ng/ml served as positive
controls. After 180 min, the cells were fixed with 4% parafor-
maldehyde (PFA) and the DNA was stained using 4’6-diami-
dino-2-phenylindole (DAPI) (Zhongshan Golden Bridge
Biotechnology, Beijing, China). Using fluorescence micros-
copy, we determined the percentage of neutrophils releasing
DNA fibres from blinded samples in at least five random
microscopic fields using a X 20 objective.

NETs immunofluorescence

Coverslips with the fixed cells were removed from the
plates and processed by floating on drops kept on parafilm
sheet covering a test tube stand. After washing with PBS,
the samples were permeabilized for 1 min with 0-5% Triton
X-100 in PBS and washed again with PBS. Unspecific bind-
ing sites were blocked in PBS containing 5% donkey serum.
The specimens were incubated with MPO-specific rabbit
monoclonal antibody (1 : 100 dilution; Abcam, Cambridge,
UK), rabbit anti-elastase antibody (1 100 dilution;
Abcam) or anti-Cit-histone H3 antibody (1 : 50 dilution;
Abcam) in blocking buffer combined with mouse anti-
human complement factor B (Bb) (1 : 50 dilution; Quidel,
San Diego, CA, USA) or with mouse anti-human proper-
din (1 : 50 dilution; LifeSpan BioScience, Seattle, WA,
USA) for 1 h at 37°C. After washing with PBS, AF488-
labelled donkey anti-rabbit IgG or Cy3-labelled donkey
anti-mouse IgG (both 1 : 500 dilution; Jackson ImmunoR-
esearch Laboratories, Westgrove, PA, USA) were applied
for 1 h. The samples were washed with PBS and distilled
water, stained with 4’,6-diamidino-2-phenylindole (DAPI)
and mounted with Mowiol. Negative controls were per-
formed using normal rabbit IgG (1 mg/ml, GTX35035;
GeneTex, Irvine, CA, USA) and mouse IgG2a (100 pg/ml,
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HI1004; Hycult Biotech, Uden, the Netherlands) diluted at
concentrations equivalent to the primary antibodies. Con-
focal images were captured with a Zeiss LSM 780 confocal
microscope (Zeiss, Jena, Germany). Images were taken
using a X63 PL Apo 1-4 oil objective, and were exported
from the ZEN 2012 (blue edition) microscopy software.

Detection of complement deposition on NETs after
incubation with magnesium salt ethyleneglycol
tetraacetic acid (Mg-EGTA)-treated human serum

NETs were induced as described above. EGTA was added to
inhibit the complement activation via the classical and man-
nose binding lectin (MBL) pathways [18]. Normal human
serum (NHS) was added into an equal volume of 16:7 mM
EGTA and 1-6 mM Mg*" as Mg-EGTA-NHS, which can
block the classical and MBL pathways of the complement
activation [19]. The Mg-EGTA-NHS was then incubated
with NETs for 40 min at 37°C with a final concentration of
10% for NHS. After incubation with serum, coverslips with
NETs were washed, and complement components were
detected using rabbit anti-human C3d polyclonal antibodies
(1: 2000 dilution; Dako A/S, Glostrup, Denmark) or mouse
anti-human C5b-9 monoclonal antibodies (1 : 50 dilution;
Abcam) as primary antibodies with secondary antibodies
AF488-labelled donkey anti-rabbit IgG (1 : 500 dilution Jack-
son ImmunoResearch Laboratories) or AF488-labelled don-
key anti-mouse IgG (1 : 500 dilution; Invitrogen, Carlsbad,
CA, USA). NETs were visualized using propidium iodide
(Invitrogen). Co-localization of NETs with C3d and C5b-9
were analysed as for complement deposition.

Incubation of serum with supernatants enriched
in NETs

Isolated neutrophils were resuspended and stimulated to
release NETs as described above. Cells were centrifuged and
the supernatants were collected as described previously
[20,21]. NETs were digested by DNase I (0-1 U/sample; Sigma
Aldrich) for 20 min at 37°C. The use of DNase I, which selec-
tively digests NET DNA threads, allowed discerning the con-
tribution of NETs. Supernatants enriched in NETs or DNase
I-degraded NETs were co-incubated with NHS or Mg-EGTA-
NHS for 40 min at 37°C, with the final concentration of 30%
for NHS. Thereafter, the complement activation was stopped
by addition of 10 mM EDTA. Then samples were put on ice
immediately, and stored in aliquots at —80°C until use for
enzyme-linked immunosorbent assay (ELISA) analysis.
When testing, after rapid thawing at 37°C, the frozen speci-
mens were transferred immediately onto ice before use within
1 h. Repeated freeze/thaw cycles were avoided.

Quantification of complement components levels in
supernatants

The terminal products of the complement cascade were
tested by ELISA, including complement fragments C3a

(Quidel, San Diego, CA, USA), C5a (Quidel) and soluble
C5b-9 (SC5b-9, Quidel). All the complement components
were assayed according to the manufacturer’s instructions.
The concentrations of C3a, C5a and SC5b-9 in the samples
were then determined by comparing the optical density
(OD) values of samples to the standard curve.

Statistical analysis

Data were analysed using GraphPad Prism (version 5;
GraphPad Software, San Diego, CA, USA) and spss statisti-
cal software package version 11-0 (Chicago, IL, USA). The
Shapiro-Wilk test was used to examine whether the data
were normally distributed. Quantitative data were
expressed as mean * standard deviation (for data that were
normally distributed) or median and range (for data that
were not normally distributed). Differences of quantitative
parameters between groups were assessed using the -test
(for data that were normally distributed) or Mann—Whit-
ney U-test (for data that were not normally distributed), as
appropriate. When the differences between more than two
sets of data were analysed, we used the one-way analysis of
variance. Differences were considered significant when the
P-value < 0-05.

Results

Deposition of the components of alternative
complement pathway on NETs in vitro

Neutrophils from healthy blood donors were stimulated as
described above. TNF-a-primed neutrophils stimulated with
ANCA-positive IgG could release robust NETs (Supporting
information, Fig. S1). We also found that the isolated ANCA-
positive IgG could bind to the NETs (Supporting informa-
tion, Fig. S2). NETs are composed of decondensed extracellu-
lar DNA decorated with neutrophil-derived granules
(Supporting information, Fig. S3). We then found that Bb
and properdin, which are two important components in the
alternative complement pathway, appeared to be present in
some areas on NETs (Fig. 1). Factor B and properdin have
been proved to be stored in neutrophils. After stimulation,
activated neutrophils release NETs, which enables an assort-
ment of neutrophil proteins to interact with these comple-
ment factors and could therefore lead to the deposition of Bb
and properdin on NETs. We further found that NETs induced
by PMA and LPS also have Bb and properdin deposition
(Supporting information, Fig. S4). Immunoblotting of Bb
and properdin further confirmed the results (Supporting
information, Fig. S5).

Detection of alternative complement pathway
activation on NETs by immunofluorescence

In order to confirm that NETs could activate the alternative
complement pathway, we incubated NETs with NHS,
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Fig. 1. Detection of deposition of components of
alternative complement on neutrophil
extracellular traps (NETs) in vitro. Neutrophils
isolated from healthy donors were primed with
tumour necrosis factor (TNF)-a and incubated
with 250 pg/ml anti-neutrophil cytoplasmic
antibody (ANCA)-positive immunoglobulin
(Ig)G. NETs induced by ANCA were identified by
co-localization of DNA (blue), elastase, cit-
histone H3 or myeloperoxidase (MPO) (green).
Deposition of complement factor B (Bb) and
properdin (red) on NETs was assessed by
confocal microscopy. (a) Deposition of Bb (red)
on NETs stained by DNA (blue) and elastase
(green). Magnification X400. (b) Deposition of
properdin (red) on NETs stained by DNA (blue)
and elastase (green). Magnification X400. (c)
Deposition of Bb (red) on NETs stained by DNA
(blue) and cit-histone (green). (d) Deposition of
Bb (red) on NETs stained by DNA (blue) and
MPO (green). (e) Deposition of properdin (red)
on NETs stained by DNA (blue) and cit-histone
(green). (f) Deposition of properdin (red) on
NETs stained by DNA (blue) and MPO (green).
Representative images of six independent
experiments are shown. (c—f) Scale bars = 10 pm.

Mg-EGTA-NHS or heat-inactivated normal human serum
(Hi-NHS) and Mg-EGTA-Hi-NHS, respectively. EGTA has
a higher affinity for calcium ions than magnesium ions. C1
and MBL require Ca®" for activation and consequently do
not function in the presence of EGTA, so only the alterna-
tive complement pathway remains functional in this cir-
cumstance [22]. Little, if any, deposition of C4d on NETs
incubated with NHS or Hi-NHS in the presence of EGTA
further confirmed the lack of classical and lectin pathway
activation at the presence of EGTA (Supporting informa-
tion, Fig. S6). Complement activation on NETs should
result in the deposition of C3b and C5b-9. C3b, one of the
products derived from C3 activation, could bind covalently
via thioester bond to its acceptor molecule at the activated
site [23]. The antibody against C3d, an epitope available on
C3b, was used to detect bound C3b [12]. Therefore, the
complement activation on NETs was detected by C3d and
C5b-9 staining. As expected, regarding NETs induced by
ANCA, we observed that C3b and C5b-9 deposited on
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Elastase

Properdin Properdin

NHS or Mg-EGTA-NHS-incubated NETs, while little or no
deposition on Hi-NHS or Mg-EGTA-Hi-NHS incubated
NETs (Fig. 2). We obtained similar results on NETs induced
by phorbol myristate acetate (PMA) and lipopolysaccha-
ride (LPS) (data not shown). We also quantified the mean
fluorescence intensity of C3b staining on NETs after incu-

bation with serum to further confirm our findings (Sup-
porting information, Fig. S7). The deposition of C3b and
C5b-9 on NETs incubated with Mg-EGTA-Hi-NHS was
significantly less than that on NETs incubated with Mg-
EGTA-NHS. These results suggested that at least some dep-
osition of C3b and C5b-9 was through the alternative com-
plement activation.

NETs could activate the complement cascade in the
serum

By immunofluorescence assay, we demonstrated that the
alternative complement pathway activation occurs on
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NETs, as described above. Then we further measured the
terminal products of complement activation including
C3a, C5a and SC5b-9 in liquid phase by specific ELISA.
Neutrophils were primed with TNF-a and stimulated with
human ANCA-positive IgG or normal human IgG, which
was derived from healthy donors. We also stimulated neu-
trophils with ANCA-positive IgG alone without TNF-a
priming. NETs were induced and supernatants were col-
lected. The supernatants were incubated with NHS or Mg-
EGTA-NHS for 40 min at 37°C. To confirm the activation
of alternative complement pathway in this setting, C3a,
C5a and SC5b-9 levels were detected with ELISA.

Figure 3 showed that NETs lead to C3a, C5a and SC5b-9
generation in NHS and EGTA-treated NHS. C3a concentra-
tion was 463-39 = 73-88 ng/ml in the NHS buffer control,
580-64 *=203-89 ng/ml in the supernatants of TNF-a-
primed neutrophils stimulated with normal human IgG,
671-76 = 92-48 ng/ml in the supernatants of neutrophils
stimulated with ANCA-positive 1gG without priming,
1420-66 = 250-16 ng/ml in the supernatants enriched in

. +EGTAHI-NHE |
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Fig. 2. Immunofluorescence detection for
alternative complement pathway activation on
neutrophil extracellular traps (NETs). (a) C3d
deposited on NETs during incubation with
normal serum. Little or no deposition of C3d
from heat-inactivated normal human serum (Hi-
NHS) (lacking active complement) could be
observed. (b) C3d deposited on NETs during
incubation with magnesium salt (Mg)-
ethyleneglycol tetraacetic acid (EGTA)-treated
serum. Little or no deposition of C3d from Mg-
EGTA-treated Hi-NHS (lacking active
complement) could be observed. (c) C5b-9
deposited on NETs during incubation with
normal serum. Little or no deposition of C5b-9
from Hi-NHS (lacking active complement) could
be observed. (d) C5b-9 deposited on NETs
during incubation with Mg-EGTA-treated serum.
Little or no deposition of C5b-9 from Mg-EGTA-
treated Hi-NHS (lacking active complement)
could be observed. (a—d) Representative images
of six independent experiments are shown. C3d
and C5b-9 were stained in green and NETs were
stained in red with propidium iodide
(magnification X200).

ANCA-induced NETs (P<0-001, P<0-001, P<0-001,
respectively) and 735-51 = 160-36 ng/ml in the supernatants
of DNase I-degraded NETs (P < 0.001, compared with the
ANCA-induced NETs group). In the presence of EGTA, C3a
concentration was 395-25 * 77-84 ng/ml in the Mg-EGTA-
NHS buffer control, 414-18 = 107-4 ng/ml in the superna-
tants of TNF-a-primed neutrophils stimulated with normal
human IgG, 423-39 * 71-3 ng/ml in the supernatants of neu-
trophils stimulated with ANCA-positive-IgG without pri-
ming, 800-42 = 244-81 ng/ml in the supernatants enriched in
ANCA-induced NETs (P<0-001, P<0-001, P<0-001,
respectively) and 479-07 £ 156-2 ng/ml in the supernatants
of DNase I-degraded NETs (P < 0-001, compared with the
ANCA-induced NETs group). C5a concentration was
9-31 £2.72 ng/ml in the NHS buffer control, 11-15 * 3-76
ng/ml in the supernatants of TNF-a-primed neutrophils
stimulated with normal human IgG, 12-33 = 5-45 ng/ml in
the supernatants of neutrophils stimulated with ANCA-
positive IgG without priming, 21-76 * 3-65 ng/ml in the
supernatants enriched in ANCA-induced NETs (P < 0-001,
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Fig. 3. Neutrophil extracellular traps (NETs) induced by anti-neutrophil cytoplasmic antibody (ANCA) could activate the complement cascade in

the serum. Neutrophils were stimulated under different conditions for 180 min. Bars represent mean * standard deviation (s.d.). Each measured

on neutrophils of 11 independent experiments and donors. Supernatants from the cell suspensions were incubated for 40 min with normal

serum or magnesium salt (Mg)-ethyleneglycol tetraacetic acid (EGTA)-treated normal serum, and C3a, C5a, SC5b-9 generation was measured by
specific enzyme-linked immunosorbent assay (ELISA). *P < 0-05, **P < 0-01, ***P < 0-001.

P<0-001, P=0-003, respectively) and 14-64 = 3-80 ng/ml
in the supernatants of DNase I-degraded NETs (P = 0.004
compared with the ANCA-induced NETs group). In the
presence of EGTA, C5a concentration was 2-36 * 1-60 ng/ml
in the Mg-EGTA-NHS buffer control, 3-67 = 1-92 ng/ml in
the supernatants of TNF-a-primed neutrophils stimulated
with normal human IgG, 4-96 * 2-39 ng/ml in the superna-
tants of neutrophils stimulated with ANCA-positive-IgG
without priming, 7-68 = 1-50 ng/ml in the supernatants
enriched in ANCA-induced NETs (P< 0-001, P=0-001,
P =0-032, respectively) and 4-86 = 1-26 ng/ml in the super-
natants of DNase I-degraded NETs (P = 0-008, compared
with the ANCA-induced NETS group). SC5b-9 concentration
was 358-36 = 57-42 ng/ml in the NHS buffer control,
412-15*136:25 ng/ml in the supernatants of TNF-o-
primed neutrophils stimulated with normal human IgG,
525-47 = 60-69 ng/ml in the supernatants of neutrophils
stimulated with ANCA-positive IgG without priming,
87570 £211-12 ng/ml in the supernatants enriched in
ANCA-induced NETs (P<0-001, P<0-001, P<0-001
respectively) and 621-67 = 66-72 ng/ml in the supernatants
of DNase I-degraded NETs (P < 0-001, compared with the
ANCA-induced NETs group). In the presence of EGTA,
SC5b-9 concentration was 176-23  61-71 ng/ml in the Mg-
EGTA-NHS buffer control, 188-41 = 76-64 ng/ml in the
supernatants of TNF-a-primed neutrophils stimulated with
normal human IgG, 230-90 = 65-60 ng/ml in the superna-
tants of neutrophils stimulated with ANCA-positive IgG
without priming, 382-15 = 159-75 ng/ml in the supernatants
enriched in ANCA-induced NETs (P< 0-001, P< 0-001,
P=0-021, respectively) and 212-65 * 44-40 ng/ml in the
supernatants of DNase I-degraded NETs (P < 0.001, com-
pared with the ANCA-induced NETs group). Collectively, in
the presence of EGTA, the concentration of C3a, C5a and
SC5b-9 in the supernatants enriched in the NETs group are
much higher than that in the supernatants of DNase
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I-degraded NETs group. These results further supported that
NETS, released from ANCA-activated neutrophils, could acti-
vate the alternative complement pathway.

Regarding NETs induced by PMA and LPS, we obtained
similar results indicating that the level of the terminal
products of complement activation in the NETs group was
significantly higher than that in the degraded NETs group
in the presence of EGTA (Supporting information, Fig. S8).
These results indicated that NETs could activate the com-
plement through the alternative complement pathway.

Discussion

The interaction between neutrophils and activation of
alternative complement pathway plays a pivotal role in the
pathogenesis of AAV. Other than the well-known ANCA-
mediated neutrophil respiratory burst and degranulation
[3], Kessenbrock et al. [4] found a new pathogenic aspect
of neutrophils in AAV that ANCA can lead TNF-a-primed
neutrophils to produce NETs. Nakazawa et al. found that
the NET induction ability of ANCA-positive IgG is corre-
lated with disease activity [24], and rats immunized with
abnormal NETs could produce MPO-ANCA [25], further
suggesting the pathogenic role of NETs in AAV. Camous
et al. discovered that neutrophil membranes and
neutrophil-derived microparticles could activate the alter-
native complement pathway [26]. However, the relation-
ship between NETs and alternative complement pathway
activation has not been elucidated fully. The current study
investigated the sequence of events of complement activa-
tion of ANCA-NETs in AAV, and whether NETs could acti-
vate the alternative complement pathway, which might
further reveal the pathophysiological role of NETs in AAV.
In the present study, we found that the properdin and
Bb were present on released NETs in vitro. It is well known
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that properdin stored in secondary granules of neutrophils
is an essential positive regulatory component of the alter-
native complement pathway, which could recruit C3b and
factor B and thus lead to the formation of the C3 conver-
tase (C3bBb) of the alternative pathway [27]. The deposi-
tion of the components of the alternative pathway on NETs
prompted us to explore whether NETs can activate the
alternative complement pathway.

Schreiber et al. [28] found that ANCA-stimulated neu-
trophils release some factors which can activate the com-
plement cascade in normal serum, resulting in the
production of C5a. The neutrophil itself harbours proteases
that are capable of activating the complement system [29].
Moreover, both clinical and experimental studies have
proved that complement activation via the alternative path-
way is involved in the pathogenesis of AAV [7-10,30,31].
In our study, neutrophils were primed with TNF-a, and
then stimulated with ANCA-positive IgG to induce NETs
formation. We found increased levels of C3a, C5a and
SC5b-9 after incubation with normal serum or Mg-EGTA-
treated normal serum. The concentration of these three ter-
minal products of complement cascade in serum, i.e. C3a,
C5a and SC5b-9, decreased after incubation with DNase I
which can degrade NETs. These results suggested that
although complement activation is reduced upon Mg-
EGTA addition, there is still generation of complement
activation products through the alternative pathway.

A recent study found that the neutrophils from AAV
patients could release tissue factor (TF)-expressing NETs
[32]. Given the abundant cross-talk between the coagula-
tion and complement system [33,34], we further quantified
the generation of C5a in serum after specific inhibition of
TF or thrombin, respectively. We found that the inhibition
of TF or thrombin has little effect on complement activa-
tion in PMA-induced NETs. However, the effect of ANCA-
induced NETs on activating the complement is partly
dependent upon TF and thrombin, indicating the novel
step of TF and thrombin activation in the effect of ANCA-
induced NETs on complement activation (Supporting
information, Fig. S9).

Recently, another study also showed that MPO could
bind properdin directly, which then served as a focus for
alternative complement pathway activation [35]. Other
than the special granules on NETS, the web-like structure of
NETs could also provide the platform for the activation of
the alternative complement pathway. A recent study by
Camous et al. demonstrated that neutrophil membranes
and neutrophil-derived microparticles could activate the
alternative complement pathway [25], leading to the gener-
ation of Cb5a. C5a, through interaction with neutrophil
C5aR, may attract and further prime neutrophils for full
activation in response to ANCA, composing an amplifica-
tion loop for ANCA-mediated neutrophil activation. NET
induced by ANCA is another pathway that links the neu-
trophils and alternative complement activation, fulfilling

the pathogenesis of AAV. It would be of great interest to
carry out in-vivo studies in order to further confirm the
findings in our in-vitro study.

However, there are some unspecific findings in our study
that we need to determine. First, the ability of activating
complement is not a specific trait of ANCA-induced NETs.
NETs induced by PMA or LPS could also activate the com-
plement. However, in the pathogenesis of AAV, ANCAs are
the major stimulants of neutrophils to induce NETs forma-
tion. Considering the important roles of the interaction
among neutrophils, ANCA and complement in the devel-
opment AAV, NETs is an important link among these three
factors, and thus comprises a vicious loop in the pathoge-
nesis of AAV. Secondly, in our study we found that the level
of the terminal products of complement activation was sig-
nificantly higher in the NETs group alone than that in the
NETs group with EGTA. We speculated that as well as the
alternative complement pathway, NETs induced by ANCA
could also activate complement via the classical and lectin
pathways. Leffler et al. demonstrated that NETs in lupus
could activate the classical complement pathway [12]. Our
study further extended the finding by demonstrating that
NETs could activate the alternative complement pathway.
More importantly, however, it is the activation of the alter-
native pathway, rather than the classical and lectin path-
ways, that plays an important role in the development of
AAV [8,9]. Collectively, in the context of pathogenesis of
AAV, our finding that ANCA induced NETs to activate
complement activation via multiple pathways, including
the alternative pathway, is of interest. In conclusion, our
study investigated the sequence of events of ANCA-NETs
complement activation in AAV and discovered the novel
relationship between NETs and the alternative complement
pathway. NETs released from ANCA-activated neutrophils
could activate the alternative complement pathway, and
might thus participate in the pathogenesis of ANCA-
associated vasculitis.
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Supporting information

Additional Supporting information may be found in the
online version of this article at the publisher’s web-site:

Figure S1. Neutrophil extracellular trap (NET) induced by
anti-neutrophil cytoplasmic antibody (ANCA). Neutrophils
were primed with tumour necrosis factor (TNF)-a and
incubated with 250 pg/ml ANCA-positive immunoglobulin
(Ig)G or normal human IgG. We also stimulated neutrophils
with ANCA-positive IgG alone without TNF-a priming.
Phorbol myristate acetate (PMA)-activated neutrophils were
used as the positive control. (a) After 180 min of incubation,
the DNA release was visualized by fluorescence microscopy
of 4,6-diamidino-2-phenylindole (DAPI)-stained speci-
mens. A representative example of three independent experi-
ments is shown. Magnification X200. (b) Quantitative
assessment of the percentage of NETs-forming cells revealed
robust NET formation after ANCA activation. After ANCA
activation, 24-26 * 5-62% of neutrophils produced NETs,
compared to 8-90 * 2-78% of normal IgG-treated neutro-
phils, 13-51 £3.50% neutrophils treated with ANCA-
positive IgG alone without TNF-a priming. Incubation with
PMA, known as a strong inducer of NETs, triggered NETs
production in 40-91 = 6-50% of all neutrophils.

Figure S2. Isolated anti-neutrophil cytoplasmic antibody
(ANCA)-positive immunoglobulin (Ig)G could bind to
neutrophil extracellular trap (NETs). Neutrophils were
stimulated with 50 nM PMA for 3 h at 37°C. After fixa-
tion with 4% paraformaldehyde (PFA), the samples were
washed with phosphate-buffered saline (PBS) and then
incubated with 250 pg/ml isolated ANCA-positive immu-
noglobulin (Ig)G (a) or normal human control IgG (b)
for 1 h at 37°C. After washing with phosphate-buffered
saline (PBS), AF488-conjugated anti-human IgG antibod-
ies (1 : 500 dilution; Jackson Immuno Research Laborato-
ries) were applied for 1 h at 37°C. Isolated ANCA-
positive IgG bound to the NETs was seen. Representative
figures are shown. Magnification X200.

Figure S3. Immunofluorescence identifying neutrophil
extracellular traps (NETs) induced by anti-neutrophil
cytoplasmic antibodies (ANCA). Neutrophils were primed
with tumour necrosis factor (TNF)-a and incubated with
250 pg/ml ANCA-positive-IgG. NETs induced by ANCA
were identified by co-localization of DNA (blue), histone
(red) and MPO (green). A representative example of
three independent experiments is shown. Magnification
X400.

Figure S4. Detection of deposition of Bb and properdin
on neutrophil extracellular trap (NETs) induced by phor-
bol myristate acetate (PMA) or lipopolysaccharide (LPS)
in vitro. Neutrophils isolated from healthy donors were
stimulated with 50 nM PMA or 100ng/ml LPS. NETs
were identified by co-localization of DNA (blue) and elas-
tase (green). Deposition of Bb and properdin (red) on
NETs was assessed by confocal microscopy. Magnification
X400. (a) Deposition of Bb (red) on NETs induced by
PMA stained by DNA (blue) and elastase (green). (b)
Deposition of Bb (red) on NETs induced by LPS stained
by DNA (blue) and elastase (green). (c) Isotype control
for staining antibody was perfomed. Primary antibodies
were replaced by normal rabbit immunoglobulin (Ig)G
and mouse IgG2a. (d) Deposition of properdin (red) on
NETs induced by PMA stained by DNA (blue) and elas-
tase (green). (e) Deposition of properdin (red) on NETs
induced by LPS stained by DNA (blue) and elastase
(green). (f) Isotype control for staining antibody was per-
formed. Primary antibodies were replaced by normal rab-
bit IgG and mouse IgG2a.

Figure S5. Immunoblotting of complements on neutro-
phil extracellular trap (NETs). Human neutrophils were
left untreated, treated with anti-neutrophil cytoplasmic
antibody (ANCA)-positive immunoglobulin (Ig)G after
tumour necrosis factor (TNF)-a priming. Supernatants
were collected, and Bb, properdin were examined by
Western blotting. Supernatants enriched in NETs and
degraded NETs (treated with commercial DNase I) were
incubated by normal human serum in the presence of
ethyleneglycol teraacetic acid (EGTA), C5b and C3d were
examined by Western blotting. Primary antibodies were
used as below: mouse anti-human Bb antibody (Quidel),
rabbit anti-human properdin antibody (Abcam), rabbit
anti-human C5b antibody (Abcam) and rabbit anti-
human C3d anibody (Abcam). (a) Detection of Bb on
NETs by immunoblotting. (b) Detection of properdin on
NETs by immunoblotting. (c) Detection of C5b on NETs
incubated with serum in the presence of EGTA by immu-
noblotting. (d) Detection of C3d on NETs incubated with
serum in the presence of EGTA by immunoblotting.
Figure S6. Immunofluorescence detection for C4d on
neutrophil extracellular trap (NETs). Neutrophils were
primed with TNF-a and incubated with 250pg/ml anti-
neutrophil cytoplasmic antibody (ANCA)-positive immu-
noglobulin (Ig)G. The induced NETs were then incubated
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with normal human serum (NHS) at the presence of eth-
yleneglycol teraacetic acid (EGTA) or not for 40 min at
37°C. After incubation with serum, coverslips with NETs
were washed, and C4d was detected using rabbit anti-
human C4d polyclonal antibodies (1 100 dilution;
Abcam) as primary antibodies with secondary antibodies
AF488-labelled donkey anti-rabbit IgG (1 : 500 dilution,
Jackson ImmunoResearch Laboratories). NETs were
visualized using 4’6-diamidino-2-phenylindole (DAPI)
(blue). (a) C4d deposited on NETs during incubation
with normal serum. (b) Little or no deposition of C4d on
NETs during incubation with normal serum at the pres-
ence of EGTA could be observed. Representative images
of three independent experiments are shown. Magnifica-
tion X200.

Figure S7. Quantification of mean fluorescence intensity
of C3b staining on neutrophil extracellular trap (NETs)
after incubation with serum. The mean fluorescence
intensity (MFI) of C3b staining on NETs incubated with
normal human serum (NHS), heat inactivated (Hi)-NHS
(lack of active complements), magnesium salt-
ethyleneglycol teraacetic acid (Mg-EGTA)-treated NHS,
Mg-EGTA-treated Hi-NHS (lack of active complements).
Data are presented as mean of three independent experi-
ments & standard deviation (s.d.). The MFI of C3b on
NETs incubated with NHS was 49-74 * 8-36, while the
MFI of C3b on NETs incubated with Hi-NHS was
11-95 = 2-85 (P<0-001). The MFI of C3b on NETs incu-
bated with Mg-EGTA-treated NHS was 30-96 = 5-37,
while the MFI of C3b on NETs incubated with Mg-
EGTA-treated Hi-NHS was 7-14 = 1-40 (P<0-001).

NETs activate complement in AAV

Figure S8. Neutrophil extracellular trap (NETs) induced by
phorbol myristate acetate (PMA) or lipopolysaccharide
(LPS) could activate the alternative complement cascade in
the serum. Neutrophils were stimulated by 50 nM PMA or
100 ng/ml LPS. Bars represent mean = standard deviation
(s.d.). Each measured on neutrophils of five independent
experiments and donors. Supernatants from the cell sus-
pensions were incubated for 40 min with normal serum or
magnesium salt-ethyleneglycol teraacetic acid (Mg-EGTA)-
treated normal serum, and C3a, C5a, SC5b-9 generation
was measured by specific enzyme-linked immunosorbent
assay (ELISA). *P < 0-05, **P < 0-01, ***P < 0-001.

Figure S9. Quantification of the generation of C5a in serum
after specific inhibition of tissue factor or thrombin. Neu-
trophils were incubated with anti-TF antibody (10 pg/ml)
for 30 min in 37°C or 1 puM D-Phe-Pro-Arg-choro-
methylketone dihydrochloride (PPACK) for 40 min at
room temperature, and were then stimulated by ANCA-
positive immunoglobulin (Ig)G after tumour necrosis fac-
tor (TNF)-a-priming or 50 nM phorbol myristate acetate
(PMA). Bars represent mean * standard deviation (s.d.).
Each measured on neutrophils of four independent experi-
ments and donors. Supernatants from the cell suspensions
were incubated for 40 min with normal serum or magne-
sium salt-ethyleneglycol teraacetic acid (Mg-EGTA)-treated
normal serum, and C5a generation was measured by spe-
cific. D-Phe-Pro-Arg-choro-methylketone dihydrochloride
(PPACK) was used to inactivate thrombin. Anti-TF anti-
body (murine monoclonal antibody against human tissue
factor) was used to inhibit the pro-coagulant activity of tis-
sue factor; n.s. no significant difference.
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